Combined frequency and time domain measurements on injection-locked,
  constriction-based spin Hall nano-oscillators by Hache, T. et al.
Combined frequency and time domain measurements on injection-locked,
constriction-based spin Hall nano-oscillators
T. Hache,1, 2 T. Weinhold,1, 3 K. Schultheiss,1 J. Stigloher,4 F. Vilsmeier,4 C. Back,5 S.S.P.K. Arekapudi,2 O.
Hellwig,1, 2 J. Fassbender,1, 3 and H. Schultheiss1, 3
1)Helmholtz-Zentrum Dresden–Rossendorf, Institute of Ion Beam Physics and Materials Research,
Bautzner Landstraße 400, 01328 Dresden, Germany
2)Institut fu¨r Physik, Technische Universita¨t Chemnitz, D-09107 Chemnitz
3)Technische Universita¨t Dresden, 01062 Dresden, Germany
4)Experimentelle und Angewandte Physik, Universita¨t Regensburg, 93040 Regensburg,
Germany
5)Technische Universita¨t Mu¨nchen, 85748 Garching, Germany
(Dated: 21 November 2018)
We demonstrate a combined frequency and time domain investigation of injection-locked, constriction-based
spin Hall nano-oscillators by Brillouin light scattering (BLS) and time-resolved magneto-optical Kerr effect
(TR-MOKE). This was achieved by applying an alternating current in the GHz regime in addition to the
direct current which drives auto-oscillations in the constriction. In the frequency domain, we analyze the
width of the locking range, the increase in intensity and reduction in linewidth as a function of the applied
direct current. Then we show that the injection locking of the auto-oscillation allows for its investigation by
TR-MOKE measurements, a stroboscopic technique that relies on a phase stable excitation, in this case given
by the synchronisation to the microwave current. Field sweeps at different direct currents clearly demonstrate
the impact of the spin current on the Kerr amplitude. Two-dimensional TR-MOKE and BLS maps show a
strong localization of the auto-oscillation within the constriction, independent of the external locking.
Spin Hall nano-oscillators (SHNOs) are devices in
which direct charge currents are converted into mi-
crowaves by driving large amplitude magnetic oscilla-
tions. Their main active component is a thin bilayer
consisting of a heavy metal in direct contact with a fer-
romagnet. Due to the spin Hall effect (SHE)1–3, a charge
current flowing in the heavy metal is converted into a
transverse spin current. This pure spin current can trans-
fer angular momentum to the magnetic moments in the
ferromagnetic layer via the spin transfer torque (STT)
effect4,5. Depending on the direction of the charge cur-
rent, this torque has a component either parallel or anti-
parallel to the intrinsic Gilbert damping torque. There-
fore, it can decrease or enhance the amplitude of mag-
netic oscillations, respectively. Above a certain thresh-
old current the STT can fully compensate the intrin-
sic damping of the system and the magnetization starts
to auto-oscillate in a free running state with frequen-
cies in the GHz regime6–8. Compared to stacked spin
torque oscillators9 which require charge currents flowing
perpendicularly to the film plane, the simpler design of
SHNOs makes them easier to fabricate, more robust, and
allows the use of magnetic insulators which typically ex-
hibit lower magnetic damping16. Therefore, SHNOs are
promising candidates as microwave or spin-wave sources
for future communication technologies.
One of the issues of SHNOs is their limited coher-
ence in the absence of external clocks for synchronisa-
tion. If the SHNO is in a free running state, the fre-
quency of the oscillation is given by the geometry, mate-
rial parameters, and external conditions, such as mag-
netic field, current, and temperature, causing fluctua-
tions in phase and frequency11,12. While measurements
in the frequency domain have already shown that the co-
herence can be increased in arrays of SHNOs via mutual
synchronisation10 or by locking to external microwave
sources8, a direct comparison of spatially time- and fre-
quency domain measurements is still missing. However,
detecting the relative phase of coupled SHNOs in the
time domain is a key requirement for optimizing the co-
herence and output power of larger arrays relevant for
applications. Here, we present a combined frequency
and time domain study of free running and injection-
locked SHNOs by Brillouin light scattering (BLS) mi-
croscopy and time-resolved magneto-optical Kerr effect
(TR-MOKE) microscopy. This approach gives comple-
mentary information for the characterization of SHNOs
which could not be obtained by one method alone. BLS
measurements provide the full magnon spectrum inde-
pendent from the actual locking state and can prove
single-mode operation in the constriction while with TR-
MOKE experiments strictly only detect the SHNO signal
that is phase-correlated to the external stimulus giving
further inside in the locking efficiency.
Figure 1a shows a scanning electron microscope (SEM)
image of a typical constriction-based SHNO. Using elec-
tron beam lithography and subsequent lift off, we pat-
terned a Cr(1.5)/Pt(7)/Co40Fe40B20(5)/Cr(1.5) multi-
layer (all thicknesses in nanometers) into 1-µm-wide
stripes that exhibit a sharp constriction with 150 nm
width and 110 nm length in their center. For operating
the SHNO, we apply direct and alternating electric cur-
rents using a bias-T. The resulting charge current flows
along the x-direction as depicted in Fig. 1a.
Due to the symmetry of the SHE, the STT induced
damping-like torque can compensate the intrinsic damp-
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2ing most efficiently if the magnetization is aligned per-
pendicularly to the direction of the charge current. How-
ever, the injection locking results from a field-like torque
caused by the dynamic Oersted field which is generated
by the alternating current in the Pt layer. Since this field-
like torque is perpendicular to the damping-like torque it
can only affect the magnetization if it has a component
parallel to the direction of the charge current. Therefore,
we apply an external magnetic field Hext at a slightly re-
duced angle of α = 80◦ relative to the direction of the ac
and dc currents. This allows an effective compensation
of the intrinsic damping via the STT and still enables the
coupling to the dynamic magnetic field generated by the
microwave current for synchronization.
The overlay in Fig. 1 presents the calculated direct
current density13 which is highest inside the constriction
due to the abrupt narrowing of the multilayer. Since
the injected spin current is directly proportional to the
current density in the Pt, the STT is maximal in the
constriction which results in a well defined active region
for auto-oscillations.
The auto-oscillations were analyzed by BLS
microscopy15. This technique relies on the inelas-
tic scattering of a monochromatic laser on the magnons
and the subsequent frequency analysis of the scattered
light using a high-resolution interferometer. The de-
tected signal is directly proportional to the intensity of
the magnetic oscillations.
First, we characterize the free running SHNO, i.e., only
driven by the applied direct currents. Figure 1b shows
the BLS frequency measured as a function of the applied
dc. For the given direction of the magnetic field µ0Hext =
50 mT, we only observe magnetic oscillations for positive
direct currents. At currents above 0.7 mA, a clear signal
emerges in the BLS measurements at frequencies around
4
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FIG. 1. (color online) (a) SEM image of the SHNO with
a 150 nm wide constriction. The overlay illustrates the cal-
culated current density with blue (red) representing lowest
(highest) values, respectively. (b) BLS intensity detected be-
tween 4 and 8 GHz as a function of the direct current ranging
from −0.8 to +0.8 mA. A magnetic field of µ0Hext = 50 mT
was applied. (c) Integrated BLS intensity as a function of the
applied direct current. For currents above 0.7 mA, a rapid
increase in the intensity is observed, marking the threshold
for the excitation of auto-oscillations.
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FIG. 2. (color online) (a) Locking characteristics of the
SHNO measured as a function of the microwave frequency
for a fixed Idc = 1.5 mA and µ0Hext = 50 mT. The detected
intensity is color coded with blue (red) representing minimum
(maximum) values. Black dots mark the frequencies fao of the
excited auto-oscillations. Five different operating regimes can
be identified: I,V free-running state of the auto-oscillation, II,
IV frequency down- and up-pulling, respectively, and III the
locked state. (b) Intensity (blue squares) and linewidth (red
dots) of the auto-oscillation extracted from the measured BLS
spectra.
fao = 6.5 GHz. For the 150-nm wide constriction, only
one auto-oscillatory mode is effectively enhanced by the
spin current. The onset of the auto-oscillation at 0.7 mA
can be even better seen in Fig. 1c which plots the BLS
intensity integrated over all frequencies.
We then demonstrate injection locking of this dc-driven
auto-oscillation to an add ional external microwave sig-
nal. Therefore, we kept the direct current fixed at Idc =
1.5 mA, well above the threshold for auto-oscillations. At
µ0Hext = 50 mT, we recorded BLS spectra for differ-
ent applied microwave frequencies fac between 4.5 and
6.5 GHz (Fig. 2a). Please note that these measurements
were done on another sample with the same nominal ge-
ometry.
We identify several regions with distinct frequency evo-
lutions which we label as regions I through V. In region I,
up to fac = 4.9 GHz, the frequency of the auto-oscillation
fao stays constant around 5.6 GHz, demonstrating that
the auto-oscillation is only driven by the dc current, i.e.,
in the free running state. At higher microwave frequen-
cies fac (region II, frequency down-pulling), a redshift of
fao can be observed, indicating frequency pulling of the
auto-oscillation. Starting at 5.3 GHz (region III), the in-
3tensity of the auto-oscillation strongly increases and its
frequency fao follows the external trigger fac (dashed,
white line) within an effective locking range of approxi-
mately 440 MHz. At even higher frequencies of the mi-
crowave signal, fao slowly drops again accompanied by
a decrease in intensity (region IV, frequency up-pulling)
until the SHNO is again in the free running state (region
V), solely driven by the direct current.
The increase of the auto-oscillation intensity within the
locking range (region III) is quantified via fitting the BLS
spectra with Lorentzian functions. The corresponding
intensities and linewidths are plotted in Fig. 2b. The
increase in intensity of the locked auto-oscillation goes
along with a decrease of its linewidth, indicating a higher
degree of coherence. The dashed green line marks the av-
erage linewidth of 200 MHz in the locking range whereas
the dotted red line represents the average linewidth of
230 MHz in the free running state. Note that the value
given for the linewidth in the locked state already equals
the spectral resolution of the BLS interferometer. Previ-
ous studies on similar geometries using microwave spec-
troscopy indicate that the actual linewidths of both the
free running and the locked state are well below these
values8. In regions II and IV, in which fao is pulled
down and up, respectively, the intensity of the oscillation
is rather low and noisy which renders the fitting proce-
dure less accurate and results in large variations of the
extracted linewidths in regions II and IV.
As a next step, we investigated how the locking range
and the average intensity of the measured signal depend
on the applied dc and how it compares to magnetic oscil-
lations only driven by the microwave current. Figures 3a-
f show BLS measurements as a function of the external
microwave frequency with direct currents ranging from
1.1 to 2.1 mA. Note that Fig. 3c repeats the data recorded
at 1.5 mA, which is plotted in Fig. 2a. All measurements
were performed at the same microwave power of 12 dBm
and at a magnetic field of µ0Hext = 50 mT. The detected
intensity is color coded using one identical scale for all
graphs. Figure 3g shows BLS spectra measured for the
same kind of microwave sweep but without any applied
dc current. Even though the microwave power is identi-
cal to the other measurements, the response of the SHNO
is rather weak. Therefore, we multiplied the intensities
in Fig. 3g by a factor of 10 in order to visualize the sig-
nal trace using the same intensity color scale. Note that
the constant signal at a BLS frequency of approximately
6.2 GHz is a laser mode.
We draw several conclusions from this measurement
series: fao in the free running state peaks at 1.5 mA and
decreases both for lower and higher dc current. We ob-
serve injection locking between direct currents of 1.3 and
1.9 mA. Figure 3h shows the locking range (blue squares)
and the average intensity within this interval (red dots)
as a function of the direct current. While the intensity
varies by a factor of two, the width of the locking range
remains constant. The reference signal plotted as red di-
amonds in Fig. 3h represents the intensity extracted from
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FIG. 3. (color online) (a)-(f) BLS spectra recorded as a func-
tion of the external microwave frequency for applied direct
currents between 1.1 and 2.1 mA. The detected intensity is
color coded using the same scale for all measurements. (g)
BLS measurement performed for the same range of microwave
frequencies but without any direct current applied. The over-
all intensity is multiplied by a factor of 10. (h) Locking range
(blue squares) and average intensity (red dots) extracted from
the data presented in a-f. Details on the reference intensity
(red diamonds) are given in the text. All measurements were
performed at µ0Hext = 50 mT and an rf output of 12 dBm.
Fig. 3g averaged within a microwave frequency interval
that corresponds to the locking range for the respective
direct current. Since neither the free running state nor
the locked state were clearly observed for 1.1 or 2.1 mA,
we plotted the intensity averaged over the entire ac cur-
rent frequency range. For those two current values there
is no significant difference in the measured intensities no
matter if there is a direct current applied during the ac
current sweep or not. This is in strong contrast to the
relative signal change that we observe in the measure-
ments for which a locked state could be identified. From
the comparison of the reference signal (diamonds) to the
average intensity when both dc and ac curent are applied
(dots), we conclude that a small signal due to the ac cur-
rent can be effectively amplified by a factor of up to 20
with a spin current originating from the SHE.
Based on this locking of the SHNO to the exter-
nal microwave signal, it is also possible to detect auto-
oscillations using stroboscopic techniques, such as TR-
MOKE microscopy, which rely on the excitation of mag-
netization dynamics that are phase-stable to an external
trigger, i.e., the applied microwave current. To demon-
strate this, we measured the Kerr amplitude at a fixed
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FIG. 4. (color online) (a) Kerr amplitude measured on the
constriction as a function of the magnetic field for a fixed ap-
plied microwave frequency of 5.6 GHz and different direct cur-
rents between −1.2 and +1.2 mA. The Kerr amplitude shows
an emergent peak for positive currents starting at 0.8 mA.
(b) Two-dimensional TR-MOKE measurements of the SHNO
recorded at µ0Hext = 58 mT and fac = 5.6 GHz. A clear local-
ization of the auto-oscillation intensity within the constriction
is observed. (c),(d) Two-dimensional BLS measurements of
the auto-oscillation at 6.5 GHz and µ0Hext = 60 mT. In (c)
only a direct current of 0.8 mA was applied to drive the auto-
oscillation, whereas (d) shows the intensity distribution of the
SHNO locked at fac = 6.5 GHz at a nominal power of 3 dBm.
The locking leads to an overall increase of the intensity. (e)
Intensity distributions extracted across the constriction from
the TR-MOKE measurement at Idc = 0.8 mA and both BLS
measurements.
microwave frequency of 5.6 GHz as a function of the
external magnetic field for different applied direct cur-
rents. As can be seen from the results in Fig. 4a, no
signals are detected for negative currents, in agreement
with the BLS measurements. Instead, the Kerr signal is
clearly suppressed below the level of zero current demon-
strating the enhanced damping for negative currents.
Only at a direct current of 0.8 mA, a peak emerges in
the measured Kerr signal, indicating the onset of auto-
oscillations, which rapidly grow in intensity with increas-
ing current. Please note that the TR-MOKE measure-
ments were performed on a different sample compared
to the BLS measurements. Due to slight deviations in
the lithographic fabrication and sputter process and due
to the different amount of heat deposited by the BLS
laser (532 nm) and the TR-MOKE laser (800 nm), small
variations of the threshold currents and the locking char-
acteristics are observed.
To study the spatial distribution of the excited auto-
oscillations, we performed two-dimensional TR-MOKE
measurements for the same applied direct currents rang-
ing from −1.2 to 1.2 mA (Fig. 4b). The magnetic field
and the microwave frequency were fixed to 58 mT and
5.6 GHz, respectively. For the two highest currents of
1.0 and 1.2 mA, a clear localization of the locked auto-
oscillation within the constriction is observed.
In order to analyze if the locking has any effect
on this localization, we additionally mapped the two-
dimensional intensity distributions of the free running
and the locked SHNO using the BLS microscope. The
external field and direct current were fixed to 60 mT and
0.8 mA, respectively. Figure 4c shows the localization
of the free running auto-oscillation at fao = 6.5 GHz,
whereas Fig. 4d plots the spatial profile of the auto-
oscillation locked to an additional microwave current at
fac = 6.5 GHz. In the locked state, an overall amplifica-
tion of the auto-oscillation intensity by a factor of more
than two is observed. Please note that the BLS measure-
ments shown in Fig. 4c-e were done on the same sample
as the measurements in Fig. 1b,c.
However, the spatial confinement within the constric-
tion is not changed when the auto-oscillation is locked.
To better visualize this, we compare the normalized in-
tensity detected across the constriction in the TR-MOKE
measurement at 0.8 mA and both BLS measurements in
Fig. 4e. There is no significant difference in the widths
of the three localization profiles. Gaussian fits of the
data result in full width half maxima of about 350 nm
for the free running and locked auto-oscillation measured
by BLS as well as the locked auto-oscillation measured
by TR-MOKE. Note, that the detected localization pro-
files are a convolution of the laser spot with the actual
width of the auto-oscillation, which results in profiles
much broader than the 150 nm width of the constriction.
In conclusion, we experimentally demonstrate that
injection locking of constriction-based SHNOs enables
time-domain investigations using TR-MOKE. It is shown
via BLS measurements that within a certain locking
range, the frequency of the auto-oscillation can be forced
to the value of an external stimulus which goes along
with an increase in intensity and a reduction in linewidth.
Even more importantly, the injected spin current yields
an amplification of the ac signal by a factor up to 20.
Ultimately, the coherent locking of the auto-oscillation
allowes us to employ TR-MOKE to study the SHNOs.
Spatially resolved BLS and TR-MOKE measurements
prove that the excited auto-oscillation is strongly local-
ized inside the constriction, independent if it is locked
or in the free running state. We believe that our re-
sults show the feasibility of time-domain measurements
on injection-locked auto-oscillations which in future will
allow to analyze and, therefore, optimize the phase rela-
tions inside arrays of SHNOs for further increasing their
output power.
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